Although it is known that Candida albicans causes endothelial cell injury, in vitro and in vivo, the mechanism by which this process occurs remains unknown. Iron is critical for the induction of injury in many types of host cells. Therefore, we investigated the role of iron in Candida-induced endothelial cell injury. We found that pretreatment of endothelial cells with the iron chelators phenanthroline and deferoxamine protected them from candidal injury, even though the organisms germinated and grew normally. Loading endothelial cells with iron reversed the cytoprotective effects of iron chelation. Moreover, chelation of endothelial cell iron significantly reduced phagocytosis of C. albicans by these cells, while candidal adherence to chelator-treated endothelial cells was slightly enhanced. Since endothelial cell phagocytosis of C. albicans is required for endothelial cell injury to occur, inhibition of phagocytosis is likely the principal mechanism of the cytoprotective effects of iron chelation. The production of toxic reactive oxygen intermediates by host cells is known to be inhibited by iron chelation. Therefore, we investigated whether treating endothelial cells with antioxidants could mimic the cytoprotective effects of iron chelation. Neither extracellular nor membrane-permeative antioxidants reduced candidal injury of endothelial cells. Furthermore, depleting endothelial cells of the endogenous antioxidant glutathione did not render them more susceptible to damage by C. albicans. These results suggest that candidal injury of endothelial cells is independent of the production of reactive oxygen intermediates and that the cytoprotective effects of iron chelation are not due to inhibition of the synthesis of these toxic intermediates.
During the process of hematogenous dissemination, Candida albicans must first cross the endothelial cell lining of the vasculature to invade the tissue parenchyma. One mechanism by which the organism may escape from the vascular compartment is by causing endothelial cell injury. This injury likely results in exposure of the subendothelial cell basement membrane, which may enhance candidal adherence and facilitate tissue invasion (23) . We have been investigating the mechanisms by which C. albicans injures endothelial cells in vitro. Previously, we found that phagocytosis of the organism by endothelial cells is required for endothelial cell damage to occur (8, 9) . This phagocytosis requires both intact endothelial cell microfilaments and microtubules. In addition, although endothelial cells are able to phagocytize killed organisms (35) , only the phagocytosis of live, germinating organisms causes endothelial cell injury (8) .
After endothelial cells phagocytize C. albicans, the organism may injure the endothelial cells by several potential mechanisms. It is possible that phospholipases and/or proteinases secreted by C. albicans injure host cells (6, 18, 38) . Another possibility is that C. albicans causes endothelial cell injury by an iron-dependent process. For example, endothelial cells are known to synthesize and release superoxide anions during phagocytic activity (11, 14) . Iron is required for the assembly of enzymes, such as xanthine oxidase (33) and cytochromes (20) , that catalyze the synthesis of these reactive oxygen intermediates. In addition, iron serves as a cofactor, which converts these anions to highly reactive hydroxyl radicals (21) which cause cellular damage (10, 24) . Finally, iron is required for the function of nitric oxide synthase, an enzyme that can catalyze the synthesis of cytotoxic concentrations of nitric oxide in some cell types (31) .
In this study, we used the iron chelators phenanthroline and deferoxamine to examine the role of iron in endothelial cell injury caused by C. albicans. We found that chelation of endothelial cell iron protected these cells from injury by C. albicans. The cytoprotective effects of iron chelation were likely due to reduced phagocytosis of this fungus by endothelial cells. Furthermore, we found that C. albicans damages endothelial cells by a process that is likely independent of the production of reactive oxygen intermediates.
(This work was presented in part at the 35th Interscience Conference on Antimicrobial Agents and Chemotherapy, September 1995, San Francisco, Calif.) trix (Vitrogen; Celtrix, Palo Alto, Calif.) in either 24-well or 6-well tissue culture plates (Falcon, Lincoln Park, N.J.). All incubations were at 37°C in 5% CO 2 .
Quantification of endothelial cell damage. The degree of endothelial cell injury caused by C. albicans was determined by measuring the release of 51 Cr as described previously (8) . Briefly, confluent endothelial cells in 24-well plates were incubated for 24 to 48 h in M-199 containing Na 2 51 CrO 4 (ICN Biomedicals, Irvine, Calif.) (6 Ci per ml). The next day, the unincorporated chromium was aspirated, and the wells were washed three times with warm HBSS. Next, 10 6 C. albicans blastospores in 1 ml of HBSS were added to each well, and the plate was incubated for 3 h. At the end of the incubation period, 0.5 ml of the medium was removed from each well, after which 0.5 ml of 6 N NaOH was added to lyse the endothelial cells. The lysed cells were aspirated, and the wells were then washed twice with Radiac Wash (Biodex Medical Systems, Shirley, N.Y.). The rinses from each well were combined with the lysed cells. The amounts of 51 Cr in the media and the lysates were determined by gamma counting. Control wells containing endothelial cells without C. albicans were processed in parallel to determine the spontaneous release of 51 Cr. After correcting for the differences in the amount of 51 Cr that was incorporated in each well, the specific release of 51 Cr was calculated by the following formula: (2 ϫ experimental release Ϫ 2 ϫ spontaneous release)/(total incorporation Ϫ 2 ϫ spontaneous release). We have determined previously that 51 Cr released by the endothelial cells is not incorporated by C. albicans (7) . All experiments were performed on at least three different days with endothelial cells from different umbilical cords.
Chelation of endothelial cell iron. To evaluate the effects of chelating endothelial cell iron on injury caused by C. albicans, endothelial cells were incubated with selected concentrations of phenanthroline for 1 to 24 h or with deferoxamine for 48 h. The phenanthroline was prepared fresh daily by first dissolving it in methanol and then diluting it 1:100 in HBSS. Next, an aliquot of the diluted phenanthroline was added to the medium in which the endothelial cells were growing. Control wells of endothelial cells received an equal amount of diluted methanol without phenanthroline. The maximum final concentration of methanol was 0.06%. The deferoxamine was dissolved in dimethyl sulfoxide (DMSO) and then added to the endothelial cell growth medium so that the final concentration of deferoxamine was 0.4 mM. An equal amount of diluted DMSO (final concentration, 0.4%) without deferoxamine was added to control wells. To prevent chelation of the radioisotope, the 51 Cr was added to the endothelial cells 24 h prior to the addition of phenanthroline or 24 h after the addition of deferoxamine. Treating endothelial cells with iron chelators does not interfere with quantifying cellular damage by the release of 51 Cr (16, 33) .
On the day of the experiment, unincorporated chelator and 51
Cr were aspirated. Next, the endothelial cells were rinsed and then exposed to C. albicans suspended in HBSS in the absence of phenanthroline or deferoxamine as described above. Control wells of endothelial cells were incubated with either of the chelators and then exposed to HBSS alone to detect any toxicity caused by these agents.
To confirm that the effects of phenanthroline and deferoxamine on C. albicans-mediated endothelial cell injury were due to chelation of endothelial cell iron, exogenous iron in the form of hemin or ferric ammonium citrate was added to the endothelial cells (2, 30) . Hemin was added to the endothelial cells at a final concentration of 20 M, 2 h before the phenanthroline. The endothelial cells were incubated with 120 M ferric ammonium citrate for 30 min before addition of phenanthroline to the growth medium. These concentrations were the highest that did not cause detectable endothelial cell toxicity in the absence of C. albicans and iron chelators (data not shown).
Antioxidants. The antioxidants used to inhibit reactive oxygen intermediates produced by the Candida-infected endothelial cells are listed in Table 1 . The effects of these antioxidants on endothelial cell injury caused by C. albicans were determined by 51 Cr release assay as described above. Catalase, superoxide dismutase (SOD), and mannitol were added to the endothelial cells simultaneously with C. albicans. Endothelial cells were pretreated with allopurinol for 18 h and with dimethylpyrroline-N-oxide (DMPO) or dimethylthiourea (DMTU) for 2 h, prior to addition of the organisms. All of these inhibitors were present while the endothelial cells were infected with C. albicans. The toxicities of these antioxidants were determined by adding them to endothelial cells in the absence of C. albicans. None of these antioxidants were toxic to the endothelial cells, as determined by the release of 51 Cr (data not shown).
To ensure that these antioxidants could protect endothelial cells from oxidant damage, these cells were exposed to superoxide anions generated by xanthine oxidase (XO) and hypoxanthine (HX) (1, 16) . Endothelial cells were incubated with phenanthroline, deferoxamine, or the antioxidants as mentioned above and exposed to 5 mU of XO per ml and 1 mM HX (1) . Control wells were incubated with XO alone, HX alone, and XO plus HX in the absence of antioxidants and the iron chelators. In these experiments the incubation time was increased to 5 h because the release of 51 Cr during oxidant-mediated endothelial cell damage does not occur with shorter incubations (1) .
To further investigate the possibility that candidal damage of endothelial cells is oxidant mediated, endothelial cell production of the antioxidant glutathione was inhibited with buthionine sulfoximine (BSO), an irreversible inhibitor of ␥-glutamylcysteine synthase (5, 37) . In these experiments, endothelial cells were incubated with 1 mM BSO for 18 h. Next, unincorporated BSO was rinsed off the endothelial cells prior to the addition of C. albicans in the absence of additional BSO.
Candidal adherence to endothelial cells. The adherence of C. albicans to endothelial cells was measured as described previously (35) . Endothelial cells in six-well tissue culture plates were incubated with 60 M phenanthroline for 24 h as described above. Next, the chelating agent was removed by rinsing, and 10 2 C. albicans blastospores in HBSS were added to each well. The inoculum was confirmed by culturing an aliquot of the suspension in Sabouraud agar (Difco). After incubation for 45 min, the unbound organisms were aspirated, and each well of endothelial cells was rinsed twice with 10 ml of warm HBSS. Each well was then overlaid with molten Sabouraud dextrose agar, and the plate was incubated overnight at 37°C. The following day, the number of adherent CFU was determined. Adherence was expressed as the percentage of the original inoculum.
Endothelial cell phagocytosis of C. albicans. Endothelial cell phagocytosis of C. albicans blastospores was measured by using a minor modification of our previously described method (9) . First, the organisms were killed by exposure to 20 mM periodate for 30 min (8) . Killed blastospores were used in these experiments to obviate the problem of incomplete phagocytosis that occurs when live, germinating organisms are used. We have shown previously that periodate-killed organisms are phagocytized by endothelial cells similarly to live organisms (8, 35) . Next, 10 5 blastospores in HBSS were added to endothelial cells that had been pretreated with 60 M phenanthroline for 24 h. Cytochalasin D (0.6 M) was added along with the C. albicans to parallel coverslips to inhibit phagocytosis and serve as a negative control. After 3 h, the media were aspirated, and the endothelial cells were fixed with 3% paraformaldehyde. Organisms that had not been internalized by the endothelial cells were visualized by staining with a Texas red-labeled goat anti-Candida antibody (Biodesign International, Kennebunkport, Maine). Next, the endothelial cells were permeabilized with 0.1% (vol/vol) Triton X-100 in Dulbecco's phosphate-buffered saline (PBS), and all organisms were stained with 1% (vol/vol) Uvitex in PBS (a generous gift from Jay Isharani, Ciba-Geigy, Greensboro, N.C.) (26) . The coverslips were examined under epifluorescence with a Zeiss Axiovert 10 microscope (Carl Zeiss Inc., Thornwood, N.Y.). The number of phagocytized organisms was determined by subtracting the number of C. albicans that were labeled with Texas red (nonphagocytized organisms) from the number of organisms that were labeled with Uvitex (total organisms). Each experiment was performed in triplicate, and at least 100 organisms per coverslip were evaluated.
Germ tube elongation. To ascertain if chelating endothelial cell iron inhibited the growth of C. albicans, 3 ϫ 10 3 blastospores were allowed to germinate for 3 h on endothelial cells that had been pretreated with either phenanthroline (60 M for 24 h) or deferoxamine (0.4 mM for 48 h) as in the damage assays. Control wells with untreated endothelial cells were processed in parallel. After 3 h, the medium was gently aspirated and the wells were fixed with 2% (vol/vol) glutaraldehyde in PBS. The wells were examined with an inverted phase-contrast microscope, and the lengths of 100 germ tubes per condition were measured with a micrometer (17) .
Data analysis. The effects of the different conditions were analyzed by using the Kruskal-Wallis test with the Bonferroni correction for multiple comparisons. P values of Յ0.05 were considered significant. 
RESULTS
Iron chelators protected endothelial cells from injury by C. albicans. Pretreatment of endothelial cells with phenanthroline markedly reduced injury caused by C. albicans. The protective effect of phenanthroline was detectable at a concentration of 30 M, and optimal protection occurred when endothelial cells were incubated with 60 M phenanthroline (Fig. 1) . At this concentration, candidal injury of endothelial cells was reduced by 78%. Higher concentrations of phenanthroline were not used because they were toxic to the endothelial cells (data not shown). At least 9 h of exposure to phenanthroline was required to prevent endothelial cell injury by C. albicans (Fig. 2) . However, the maximal reduction in candidal damage did not occur until the endothelial cells had been incubated with phenanthroline for at least 12 h. The cytoprotective effect of iron chelation was confirmed by using deferoxamine. Preexposing endothelial cells to this iron chelator reduced Candidamediated damage by a median of 48% compared to untreated control endothelial cells ( Table 2) .
Incubation of the endothelial cells with either phenanthroline or deferoxamine had no visible effect on the growth and morphology of C. albicans when it was added to these cells. Phenanthroline and deferoxamine protected endothelial cells by chelating iron. To determine if the protective effects of phenanthroline and deferoxamine were due to chelation of iron, the endothelial cells were supplied with exogenous iron in the form of hemin or ferric ammonium citrate, either before or after the addition of the chelators. When hemin or ferric ammonium citrate was added to endothelial cells prior to phenanthroline, the cytoprotective effects of this chelator were reversed (Fig.  3) . Pretreating endothelial cells with hemin in the absence of chelator had no effect on Candida-mediated damage. However, endothelial cells that had been exposed to ferric ammonium citrate were slightly less susceptible to injury by C. albicans. Adding hemin along with deferoxamine to the endothelial cells also reversed the cytoprotective effects of this chelator (data not shown). These results suggest that both phenanthroline and deferoxamine reduce endothelial cell injury by an iron-dependent mechanism.
Next, we examined the possibility that chelating endothelial cell iron prevented C. albicans from utilizing these cells as an iron source. Endothelial cells were pretreated with phenanthroline, and then C. albicans plus either hemin or ferric ammonium citrate was added simultaneously to these cells. Adding hemin in this manner had no effect on the ability of phenanthroline to protect endothelial cells from candidal injury (Fig.  3) . However, adding ferric ammonium citrate and C. albicans (8), we examined the effects of phenanthroline on candidal adherence to endothelial cells as well as on endothelial cell phagocytosis of C. albicans. Pretreating endothelial cells with phenanthroline enhanced their ability to bind C. albicans; 30% more organisms adhered to these cells than to untreated control cells (P ϭ 0.005) (Fig. 4) . In contrast to its effects on adherence, phenanthroline reduced endothelial cell phagocytosis of C. albicans by 43% (P ϭ 0.002) (Fig. 4) . Phenanthroline was at least as effective in inhibiting endothelial cell phagocytosis as was cytochalasin D. The latter agent reduced endothelial cell phagocytosis of the organism by a median of 33% (interquartile range, 26 to 40%) compared with untreated endothelial cells.
Iron chelation did not protect endothelial cells by inhibiting oxidant-mediated damage. Iron plays a critical role in the synthesis of reactive oxygen intermediates. Therefore, we also examined the possibility that chelation of endothelial cell iron protected these cells from damage by C. albicans by inhibiting the production of these toxic anions. In these experiments, the abilities of different antioxidants to mimic the cytoprotective effects of iron chelation were determined. The extracellular oxidant scavengers catalase, SOD, and mannitol, as well as the intracellular scavengers allopurinol, DMPO, and DMTU, were used to prevent any oxidant-mediated damage induced by C. albicans. None of these antioxidants significantly inhibited candidal injury of endothelial cells (Table 2) .
To ensure that these compounds could actually protect endothelial cells against oxidant-mediated damage, we incubated these cells with a mixture of XO and HX to generate superoxide anions. Damage caused by XO and HX was not detectable until the endothelial cells were incubated for 5 h with the reaction mixture ( Table 2) . Each of the antioxidants protected endothelial cells from injury caused by XO and HX.
In other experiments, the endothelial cells were depleted of glutathione by treatment with BSO to enhance their susceptibility to oxidant-mediated injury. We found that pretreating the endothelial cells with BSO did not alter the amount of injury caused by C. albicans (Table 2) . However, BSO augmented the amount of damage caused by XO and HX by 38%. These data suggest that C. albicans likely injures endothelial cells by a mechanism that is independent of the production of reactive oxygen intermediates.
Phenanthroline had disparate effects on candidal and oxidant-mediated damage of endothelial cells, depending on the duration of exposure to the chelator. Pretreating the endothelial cells with phenanthroline for 24 h inhibited C. albicansmediated injury, while damage caused by oxidants was actually augmented (Table 2 ). In contrast, when endothelial cells were pretreated with phenanthroline for 1 h, damage by C. albicans was not affected, while oxidant-mediated damage was inhibited. Unlike the case for phenanthroline, prolonged exposure (48 h) to deferoxamine reduced oxidant-mediated injury to endothelial cells by 75%. 
DISCUSSION
In this study we found that pretreatment of endothelial cells with phenanthroline or deferoxamine prevented candidal injury to these cells. These effects were likely to be due to the chelation of endothelial cell iron, because the protective effects of the chelators could be reversed by adding excess iron to the endothelial cells in the form of either hemin or ferric ammonium citrate. Previously, other investigators have reported that chelating iron in host cells reduces the virulence of other fungal pathogens, such as Histoplasma capsulatum (25) , Rhizopus species (3), and Pneumocystis carinii (39) . The mechanism of protection in these experiments was the inhibition of fungal growth. Iron is also required for optimal growth and germination of C. albicans (22, 27) . However, in the current study candidal growth was not inhibited when the organisms were exposed to endothelial cells that had been pretreated with iron chelators. This finding suggests that the cytoprotective effects of the iron chelators were due to their action on the endothelial cells and not their action on C. albicans.
Hemin and ferric ammonium citrate had disparate effects on endothelial cell injury when added along with C. albicans to the endothelial cells, after the iron chelators had been removed. Ferric ammonium citrate reversed the protective effect of phenanthroline, whereas hemin did not. One possible explanation for this finding is that endothelial cells absorbed ferric ammonium citrate faster than hemin, so the former compound was able to reverse the protective effects of phenanthroline during the 3 h when the organisms were in contact with the endothelial cells. Alternatively, it is possible that chelating endothelial cell iron down-regulates some candidal factor, other than germination, that is required for endothelial cell injury. Such a factor could potentially be up-regulated to a greater extent by ferric ammonium citrate than by hemin. Therefore, although it is likely that the cytoprotective effect of iron chelation is due mainly to the action of the chelators on the endothelial cells, we cannot completely exclude the possibility that exposure to chelator-treated endothelial cells may also have had subtle effects on the C. albicans.
Several potential mechanisms by which chelation of endothelial cell iron protects these cells from candidal injury were investigated. We examined whether iron chelation inhibited the adherence of C. albicans to endothelial cells and/or the phagocytosis of this organism by these cells, because we have found previously that the phagocytosis of C. albicans is required for endothelial cell injury to occur (8, 9) . In addition, it is highly likely that the organisms must first adhere to endothelial cells before phagocytosis can occur. Surprisingly, we found that C. albicans exhibited enhanced adherence to endothelial cells that had been exposed to iron chelators. The mechanism by which this phenomenon occurred is unclear. It is possible that iron chelation up-regulates the receptors on endothelial cells to which C. albicans binds. However, these receptors have not yet been characterized.
Another finding was that phenanthroline inhibited endothelial cell phagocytosis of C. albicans. This reduction in phagocytosis is probably the principle mechanism of the cytoprotective effects of iron chelation. For example, we have found previously that inhibiting endothelial cell phagocytosis of C. albicans with cytochalasin D or gamma interferon also inhibits candidal injury of these cells (8, 9) . To our knowledge, the effect of chelating iron on the phagocytic activity of endothelial cells has not been reported previously. However, other investigators have found that the phagocytic activities of both neutrophils and macrophages are reduced in the presence of iron deficiency (15, 28) .
Although phagocytosis of C. albicans is a prerequisite for the induction of endothelial cell injury, additional factors are required for the injury process to occur. For instance, we have found that only the phagocytosis of live, germinated organisms causes endothelial cell injury. Neither nongerminating nor killed C. albicans is able to induce this process, even though they are phagocytized by the endothelial cells (8) . Therefore, we examined whether chelation of endothelial cell iron influenced any postphagocytic events that may contribute to the development of endothelial cell injury. The role of reactive oxygen intermediates in Candida-induced endothelial cell injury was investigated because iron is critical for the production of these potentially toxic intermediates, and the phagocytosis of particulate stimuli, such as latex beads, is known to induce endothelial cells to generate them (14) . In addition, Garcia et al. (11) have reported that the phagocytosis of asbestos fibers by endothelial cells causes significant injury to these cells. This fiber-induced endothelial cell injury is likely mediated by the production of reactive oxygen intermediates, because it can be blocked by SOD and catalase, as well as deferoxamine. However, unlike fiber-induced injury, candidal damage of endothelial cells occurs by a mechanism that is likely independent of the production of reactive oxygen intermediates. This conclusion is supported by our findings that (i) neither extracellular nor membrane-permeative antioxidants protected the endothelial cells from Candida-induced injury and (ii) depleting endothelial cells of the endogenous antioxidant glutathione did not enhance their susceptibility to candidal damage. Finally, the inability of the antioxidants to mimic the cytoprotective effects of iron chelation on endothelial cell injury caused by C. albicans suggests that the salutary effects of iron chelation occur independently of any inhibition of the synthesis of reactive oxygen intermediates. While performing these experiments, we found that pretreatment with phenanthroline for only 1 h was required to inhibit cellular damage caused by exogenously generated superoxide, whereas this duration of pretreatment was completely ineffective in preventing injury by C. albicans. Moreover, when endothelial cells were exposed to this iron chelator for 24 h, oxidant-mediated cellular damage was actually increased even though Candida-mediated damage was inhibited. Why prolonged exposure to phenanthroline increased the susceptibility of the endothelial cells to damage by exogenously generated oxidants is unclear. It is possible that prolonged exposure of the endothelial cells to phenanthroline caused some subtle toxicity, such as the depletion of endogenous antioxidants, that rendered them more susceptible to oxidantmediated injury. Nevertheless, enhanced susceptibility to exogenous oxidants was not observed with deferoxamine, even after 48 h of incubation. In addition, our finding that exogenously generated reactive oxygen intermediates caused chelator-treated endothelial cells to release 51 Cr indicates that pretreating these cells with the iron chelators did not interfere with the measurement of endothelial cell injury.
A potential mechanism by which iron chelation may protect endothelial cells from injury by C. albicans is by inhibiting the activity of inducible nitric oxide synthase. Phagocytosis has been found to stimulate the activity of this iron-dependent enzyme in host cells (13) . Therefore, it is possible that the phagocytosis of C. albicans induces nitric oxide synthase activity in endothelial cells. However, although murine endothelial cells are capable of producing toxic concentrations of nitric oxide (31), these cells synthesize at least 100-fold more nitric oxide than do human umbilical vein endothelial cells (29, 34) . Therefore, it is unlikely that candidal damage of the endothelial cells used in the current study was mediated by nitric oxide.
In conclusion, the data from this study suggest that normal endothelial cell iron metabolism is required for endothelial cells to phagocytize and be damaged by C. albicans. Unlike mechanisms of protection seen in other studies, reduction in endothelial cell injury by iron chelation did not appear to be mediated by inhibition of the production of reactive oxygen intermediates or by restriction of candidal germination and growth. Future investigations on the mechanism by which iron chelation reduces endothelial cell phagocytosis of and injury by C. albicans will focus on other iron-dependent endothelial cell processes, such as cytochrome activity (20) , metalloproteinase synthesis (36) , and mitochondrial function (12) .
